In this study, we characterized four TnS mutants derived from Rhizobium leguminosarum RBL5515 with respect to synthesis and secretion of cellulose fibrils, extracellular polysaccharides (EPS), capsular polysaccharides, and cyclic P-(1,2)-glucans. One mutant, strain RBL5515 exo-344::TnS, synthesizes residual amounts of EPS, the repeating unit of which lacks the terminal galactose molecule and the substituents attached to it.
Rhizobium leguminosarum is capable of synthesizing a variety of polysaccharides, including lipopolysaccharides (LPS), cellulose fibrils, neutral capsular polysaccharides (CPS), cyclic 13-(1,2)-glucans, and high-molecular-weight anionic extracellular polysaccharides (EPS) (5, 16, 36, 41) . These polysaccharides can be found on the outer surfaces of the cells or secreted in the medium. The structures of the CPS (40) and EPS (31) of many R leguminosanrm strains were found to be similar (Fig. 1) .
Determining the role of Rhizobium meliloti (26) (27) (28) and R. leguminosarum (3, 4, 15) polysaccharides in the nodulation process has been the goal of many studies. Mutants of R. meliloti unable to synthesize succinoglycan, the typical EPS of this species, formed ineffective pseudonodules on one of the R. meliloti host plants, alfalfa (Medicago sativa) (26) (27) (28) . Furthermore, nodulation of mutants of R. meliloti producing a second EPS (EPS b) was partially restored in that the mutants formed effective nodules on alfalfa but failed to form effective nodules on all other host plants (22) . EPS mutants of R. leguminosarum bv. phaseoli were able to nodulate beans (4, 17) , but R. leguminosarum bv. trifolii and R. leguminosarum bv. viciae mutants with comparable mutations formed defective nodules on clover and peas, respectively (4, 17) . More recently, Canter Cremers et al. described exoB mutants of R. leguminosarum bv. viciae RBL5523 that epimerase, which is necessary for incorporation of galactose into the carbohydrate polymers. Unfortunately, most studies performed to determine the role of EPS in nodulation have failed to demonstrate that the mutants used were affected in EPS production alone. Therefore, the symbiotic phenotype may be due to changes in the synthesis, secretion, or structure of one of the other polysaccharides.
Previously, we described (9, 13) the isolation of transposon mutants of R. leguminosarum bv. viciae that are affected in the synthesis and/or secretion of (i) EPS (mutants RBL5515 exo-4::TnS and RBL5515 exo-344::TnS) (ii) LPS (mutant RBL5515 lps-336::Tn5), or (iii) EPS, CPS, and LPS (mutant RBL5515 exoB8: :TnS). In this study, we determined the quantities of cellulose fibrils, (1,2)-3-glucans, CPS, and EPS synthesized and compared these amounts with the amounts synthesized by wild-type strains.
MATERIALS AND METHODS
Organisms and cultivation. A list of the organisms used is shown in (i) Supernatant. The concentrations of excreted glucan and EPS in the supernatant were determined by the anthronesulfuric acid method for hexoses (39) and the 3-hydroxydiphenyl-sulfuric acid method for hexuronic acids (2) . The determination of each EPS concentration was based on the uronic acid content of the whole supernatant and the ratio of hexose to hexuronic acid for a particular EPS (see below); EPS concentrations were expressed as sums of the glucose and glucuronic acid equivalents (in milligrams per liter of medium). The ,-(1,2)-glucan content was derived from the amount of glucose which was not accounted for in the calculation of the EPS concentration. The mannitol concentration was determined spectrophotometrically as described by Burton (8) . The relative viscosity of each culture supernatant was measured with an Ubbelohde viscometer (Tamson, Zoetermeer, The Netherlands) at 25°C.
(ii) Pellet. The amount of total cellular protein was determined as described by Lowry et al. (30) , using bovine serum albumin as the standard. The CPS was extracted from each pellet with 1 N NaOH, precipitated with 1 volume of alcohol, and quantified by the anthrone-sulfuric acid method, as described previously (5) . The carbohydrate fraction of the 50% alcohol supernatant, which contained cyclic 3-(1,2)-glucans(-), was also quantified by the anthrone-sulfuric acid method. The alkali-extracted cells were treated with 1 N HCl for 2 h, and the hexose content in the residual material was used as a measure of the cellulose content of the cells (42) .
Isolation and characterization of oligo-and polysaccharides. High-molecular-weight EPS was precipitated from the supernatant by adding 3 volumes of ethanol, as described previously (4) , and the ratio of hexose to hexuronic acid was determined. The low-molecular-weight cyclic glucans and/or repeating units remaining in the 75% alcohol supernatant were separated by using DEAE-Sepharose anion-exchange column chromatography (25 by 2.5 cm) as described previously (6) . The hexose and hexuronic acid content of each fraction was determined. CPS was isolated by alkaline extraction followed by ethanol precipitation, as described above. The precipitate was washed with 50% ethanol several times until the pH was 7.0 (40) . The neutral sugar compositions of EPS and CPS were determined by hydrolysis with 2 M trifluoroacetic acid for 8 h at 100°C, followed by conversion of the liberated sugars to alditolacetates and separation by gas-liquid chromatography (1) . Glycosidic linkages were determined by a methylation analysis (23) and were identified by mass spectrometry as described previously (12) . Pyruvate concentrations were determined spectrophotometrically as described by Katsuki et al. (25) , and high-performance liquid chromatography of cyclic glucans was carried out as described by Breedveld et al. (5) .
Depolymerization of EPS. Purified EPS was depolymerized by using purified phage RL38, fractionated with ethanol, and then purified further by using columns of Sephadex-DEAE A-25, Biogel P2, and Dowex 5OW-X2 as described previously (10).
NMR. For nuclear magnetic resonance (NMR), purified depolymerized EPS was dissolved in D20, and 1 C spectra were recorded on a Varian model XL-200 spectrometer by using methanol (b = 50.04 ppm) as the reference (12) .
Analysis of LPS. Isolation of LPS and visualization of LPS profiles were performed as described previously (10) .
Enzyme assays. Cell extracts were prepared in 50 mM N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid (HEPES) (pH 7.6) containing 1 mM dithioerythritol (10) . UDP-glucose pyrophosphorylase activity was measured as follows. To a mixture containing 0.1 ml of 1 M glycylglycine (pH 8.9), 0.1 ml of 0.6 mM glucose 1-phosphate, 0.003 U of UDP-glucose dehydrogenase, 0.1 ml of 10 mM NAD, 0.1 ml of 10 mM UTP, and 0.1 ml of cell extract enough water was added to bring the volume to 1 ml. The conversion of glucose 1-phosphate into UDP-glucose was measured spectrophotometrically at 340 nm.
UDP-glucose 4'-epimerase, glucose dehydrogenase, glucokinase, glucose-6-phosphate dehydrogenase, galactose dehydrogenase, galactokinase, and galactose-1-phosphateuridyl transferase activities were measured as described previously (10 (40) . The CPS of a number of R. leguminosarum strains have the same sugar composition (glucose-galactose-mannose ratio, 1:4:1) ( Fig.  1) (40) . Therefore, CPS is an entity distinct from both LPS and EPS, and we determined whether our mutants were affected in CPS synthesis (Table 2 ). Strains RBL5515 exo-4::TnS and RBL5515 exo-344::TnS synthesized more CPS than the strain from which they were derived. A component analysis of the CPS revealed a sugar composition very similar to that of the wild-type strain. (19, 32) . Furthermore, it has been found that cyclic glucans are not directly essential for nodulation, since suppressor mutations that restored normal nodulation did not restore glucan synthesis (20) . We analyzed the quantities of (1,2)-13-glucans synthesized and secreted by the various isolates.
The pellets of all of the strains contained about the same quantity of (1,2)-,B-glucans ( ring size distributions of the cellular (1,2)-,-glucan fractions isolated from all of the strains were identical.
Large differences were found in the quantities of (1,2)-1-glucans secreted into the medium (Table 2 ). Significantly more (1,2)-13-glucans were isolated from the supernatants of cultures of mutant strains RBL5515 exo-4::Tn5 and RBL5515 exo-344::Tn5 than from the supernatants of a culture of strain RBL5515 (Table 2) . However, the largest amounts were isolated from the culture supernatants of mutants RBL5515 exoB8::Tn5 and RBL5515 lps-336::Tn5. The structures of the secreted (1,2)-,3-glucans were indistinguishable from the structures of the (1,2)-,-glucans isolated from the cell pellets. In conclusion, all four mutants show greatly increased secretion of cyclic 0-(1,2)-glucan.
Synthesis of EPS. Leigh et al. (27) hypothesized that the repeating unit fractions of the EPS synthesized by R. meliloti are important for nodulation. Therefore, we determined the amounts of high-and low-molecular-weight EPS present in the culture supernatants of the strains used in this study.
Strain RBL5515 and its derivatives all produced about 2 g of EPS per liter of culture (Table 2) . Among the mutants, strain RBL5515 lps-336::Tn5 synthesized amounts of EPS similar to the amounts synthesized by the wild-type strain, while the other mutants produced significantly less EPS (Table 2) . Therefore, defects in the synthesis of LPS or CPS are not necessarily correlated with defects in the production of EPS.
When culture supernatants of strain RBL5515 and all of its derivatives and mutants were treated with 3 volumes of ethanol to precipitate high-molecular-weight EPS, 95% of the hexuronic acid-containing material was precipitated. The remaining 5% of the hexuronic acid material was present in the low-molecular-weight fraction and could be precipitated with 10 volumes of ethanol. This fraction was separated into a neutral component and an acidic component by eluting it from a Sephadex-DEAE A-25 anion-exchange column. After further purification, the neutral components of strain RBL5515 and mutant RBL5515 exo-4::Tn5 were analyzed by 13C NMR spectroscopy, and they appeared to consist of cyclic (1,2)-3-glucan. In the acidic component, repeating units of EPS were found; the structural analysis of these units is described below.
Structural analysis of EPS. The structures of the EPS synthesized by strains RBL5515 e-xo-4::Tn5, RBL5515 lps-336::TnS, and RBL5515 exo-344::Tn5 were determined by performing (i) a component analysis, (ii) a methylation analysis, and (iii) 1H and 13C NMR spectroscopy after depolymerization. The structural features of the EPS synthesized by strains RBL5515, RBL5523, and RBL5515 exoB8::TnS have been described previously (10) .
Our results showed that the structures of the EPS synthesized by strains RBL5515 exo-4::TnS and RBL5515 lps-336::TnS were indistinguishable from the structure of the EPS synthesized by RBL5515 (Fig. 1) . A component analysis showed that the EPS synthesized by mutant RBL5515 exo-344::Tn5 lacked galactose. The spectrum obtained by 13C NMR spectroscopy confirmed that strain RBL5515 exo-344: :Tn5 synthesized repeating units comparable to those produced by strain RBL5515 exoB8::Tn5 (10) in that the repeating units lacked terminal galactose residue h ( Fig.   1 ) and the substituents attached to it.
One obvious difference between the spectra of strains RBL5515 exo-344::TnS (Fig. 3B) , RBL5515 (Fig. 3A) , and RBL5515 exoB8::TnS exists. In the spectrum of strain RBL5515 exo-344::Tn5 the resonances indicating a small level of O-acetylation of residue d were absent. The repeating units of the EPS isolated from the supernatants of the various strains were indistinguishable from those obtained by enzymic depolymerization of the long-chain EPS.
In summary, mutant RBL5515 exo-344::Tn5 synthesizes small amounts of high-molecular-weight EPS which lacks galactose and the substituents attached to it, as do the exoB mutants (10) . Compared with the EPS synthesized by parental strain RBL5515 and the e-xoB mutants, the EPS synthesized by strain RBL5515 exo-344: :Tn5 has a slightly different acetylation pattern. Unlike the e-xoB mutants, strain RBL5515 exo-344::TnS synthesizes normal LPS and CPS.
Activities of enzymes involved in galactose metabolism.
Previously, we reported that R. leguminosarum bv. viciae e-xoB mutants are deficient in the synthesis of UDP-glucose 4'-epierase (10 8 , methyl of 4,6-O-(1-carboxyethylidene)glucose residue g; peak 9, methyl of 4,6-0-(1-carboxyethylidene)galactose residue h; peak 10, hydroxybutanoate methyl group; peak 11, acetate methyl group. In panel B resonance 7 shifted about 7 ppm upfield because of the absence of galactose residue h and was hidden in the large peak at 74 ppm.
galactose-1-phosphate-uridyl transferase (100 nmol/min/mg of protein).
In a previous paper (10) we confirmed that Rhizobium sp. strain RBL5515 uses the De Ley-Douderoff pathway for the conversion of galactose. Therefore, UDP-galactose can be formed only by the epimerization of UDP-glucose catalyzed by UDP-glucose 4'-epimerase. On the basis of the enzyme activities which we found and the fact that mutant RBL5515 exo-344::TnS can still synthesize EPS, LPS, and CPS, we concluded that this mutant is able to synthesize UDPgalactose.
Nodulation. Rhizobium mutants affected in the synthesis of EPS are also often affected in nodulation (18, 28) , and we therefore analyzed the nodulation abilities of the mutants. For this purpose, we introduced R. leguminosarum bv. viciae Sym plasmid pRLlJI into mutants RBL5515 exo-4:: Tn5, RBL5515 exo-344::TnS, and RBL5515 lps-336::TnS. On both peas and Vicia sativa, all three strains failed to induce the formation of nodules, while on the roots of Vicia hirsuta several non-nitrogen-fixing, white bumps were present after 3 weeks. In comparison, wild-type strain RBL5515 pRLlJI induced the formation of nitrogen-fixing nodules on all plants within 6 to 12 days.
On V. sativa, all three mutants induced only root hair deformation and rare, abortive infection threads. Therefore, the defects in the synthesis of polysaccharides by these mutants affect nodulation of plants belonging to the pea cross-inoculation group at the level of infection thread formation.
DISCUSSION
Cyclic (1,2)-1-glucans. In comparison with the wild-type strain, all of the mutants described here synthesized more than 10 time more cyclic glucans. Cyclic (1,2)-3-glucans are generally concentrated in the periplasmic space of rhizobia, where they play a role in osmotic adaptation (19, 32 (33) . In contrast to strain RBL5515 lps-336::Tn5, these mutants induced non-nitrogen-fixing nodules on plants of the pea cross-inoculation group. Unfortunately, these authors did not study the synthesis of other polysaccharides, and therefore, a comparison of the various mutants at this time seems pointless.
Proposed role for the affected gene(s) of mutant RBL5515 exo-344::TnS. The repeating unit of the EPS synthesized in residual amounts by mutant RBL5515 exo-344::TnS lacks the terminal galactose residue of the side chain and, as a consequence, the hydroxybutanoyl and carboxyethylidene substitutions attached to it. Previously, we described a mutant, strain RBL5515 e-xoB8: :Tn5, which synthesizes EPS that is similar in structure to the EPS synthesized by mutant RBL5515 exo-344: :TnS (10). However, strain RBL5515 exo-344::Tn5 (i) synthesizes other polysaccharides which require the presence of UDP-galactose and (ii) harbors the enzymes required for the synthesis of UDP-galactose. Therefore, the defect in the structure of its EPS is not due to an inability to synthesize UDP-galactose. In addition, the mutant could not be complemented by plasmids harboring the e-xoB gene (data not shown).
These findings suggest an alternative explanation. When UDP-galactose is present, the addition of galactose during synthesis of EPS requires only the presence of a specific sugar transferase (37, 38) and thus CPS or LPS is not synthesis is not affected. It is likely that this transferase is absent in mutant RBL5515 exo-344::TnS. Therefore, we propose that mutant RBL5515 exo-344::Tn5 is affected either in a structural gene coding for the transferase or in a gene which regulates the synthesis of this specific galactose transferase.
The relationship between the proposed defect and the amount of EPS actually synthesized is not yet clear. Strain RBL5515 exo-344::Tn5 produced considerably lower levels of EPS than the wild-type strain. It could be that the energetics of synthesis of the truncated EPS synthesized by the mutant is less favorable than the energetics of synthesis of the fully acetylated and pyruvylated EPS synthesized by the wild-type strain. An extensive discussion of these kinds of considerations has been published previously for Xanthomonas campestris mutants that synthesize a truncated EPS with a reduced capacity (29) .
Nodulation ability. The relationship between exopolysaccharide production by Rhizobium spp. and the ability to nodulate host plants has been the subject of many studies, most of which were done with transposon mutants affected in the synthesis of EPS (17, 26, 28, 35) . Unfortunately, most studies performed with R. leguminosarum strains are hampered by the fact that the mutants are defined for only one or two polysaccharides. Previously, we have shown that defects in the synthesis of EPS can be the result of mutations in genes coding for basal metabolic enzymes (10) . Similar consequences of mutations in metabolic genes have also been described for other bacterial species, including Salmonella spp. (21) . Clearly, multiple defects (detectable and nondetectable) can result from a mutation in one of these genes. Therefore, firm conclusions concerning the involvement of polysaccharides in nodulation which are based on experiments performed with this kind of mutant should be rejected.
Furthermore, authors sometimes use nonisogenic backgrounds to study nodulation. For instance, several mutants of R. leguminosarum bv. phaseoli CFN42 which fail to synthesize LPS and EPS were described by Diebold and Noel (17) . To study the effect of the mutation on nodulation of plants of the pea cross-inoculation group, the authors transferred the mutation by transduction into R. leguminosarum bv. viciae 128C569. In this background the mutation of two strains resulted only in a defect in the synthesis of EPS. This strongly suggests that mutations in homologous genes in different chromosomal backgrounds can have different effects. Therefore, we feel that studies to determine relationships between nodulation on plants of different cross-inoculation groups and defects in polysaccharide synthesis should be performed only when isogenic backgrounds are available.
Of the mutants described in this paper, strains RBL5515 e-xoB8::TnS and RBL5515 lps-336::Tn5 are clearly pleiotropic. Unfortunately, the other two mutants (strains RBL5515 exo-4::Tn5 and RBL5515 exo-344::Tn5) are in fact also pleiotropic, if only because they both exhibit decreased synthesis of EPS and enhanced (1,2)-p-glucan synthesis. At this moment, we cannot exclude the possibility that the nodulation defects of all four mutants are caused by enhanced (1,2)-pi-glucan synthesis and secretion rather than by a defect in the synthesis of a particular polysaccharide. Further research will have to be performed to clarify these correlations.
